The Nature of the Saturnian Rotational Magnetic Signals
[2] The understanding of the origin of Saturn's kilometric radio emission is that it is generated on high-latitude flux tubes by downward accelerated electron beams associated with the aurora and with upward field aligned currents. The presence of such currents is deduced on the basis of shear in the magnetic field, in particular in the B ' component of the planetary field. The discovery reported by Gurnett et al. [2009a] of a difference in apparent rotation rate between Saturn kilometric radio emission from northern and southern hemispheres leads immediately to the question of whether there is a counterpart detectable in the Saturnian magnetic field. This paper reports such a direct detection.
[3] The first firm evidence on the Saturnian rotation rate was from the time variation in the kilometric radiation. Following the Voyager spacecraft encounters, Desch and Kaiser [1981] first reported that the kilometric radiation pulsed with a period of about 10.7 h. As had been assumed for other planets with periodic radio signals, the radio signal was assumed to link directly to the magnetic field and thus to rotation deep within the planet. Accordingly, the period in the radio signal was assumed to represent the rotation period of the planet. At the same time, from the flyby of the Pioneer spacecraft onward, direct measurements of the magnetic field from the Pioneer and Voyager spacecraft revealed an internal planetary magnetic field which was axisymmetric to octupole order. Indeed the field could be well represented by a dipole offset from the center of the planet along the rotation axis by 0.037Rs [Davis and Smith, 1990; Espinosa et al., 2003a Espinosa et al., , 2003b Dougherty et al., 2005] .
[4] Lecacheux et al. [1997] and Galopeau and Lecacheux [2000] , using Ulysses spacecraft data from the interplanetary medium from 1994 to 1996, brought another surprise. They found that a small variation in the period of the SKR emission pulsing of order 1% per year. The discovery threw the assumed link between planetary rotation and radio pulse period into doubt; the variation rate seems rather large to be due to changes in the rotation period of an entity with the massive inertia of a planet.
[5] Espinosa and Dougherty [2000] and Espinosa et al. [2003a] were first to report that there were oscillating features in the Saturnian field at a period the same or similar to the radio period. Remarkably, the magnetic signals decayed very slowly with distance from the planet (i.e., their amplitude did not fall off with radial distance from the planet as the cube or higher order of radial distance) and showed the wrong phase relationship between components to be of an internal source. This was borne out by the measurements made subsequently once the Cassini spacecraft arrived in orbit about Saturn. From inner magnetosphere through to distances of tens of Saturn radii a regular periodic signal was detected. Indeed, throughout this paper, no adjustment of amplitude is used to allow for distance from the planet. Espinosa et al. [2003a] did indicate that there was evidence of phase delay in the signals suggesting that they were radiating away from the planet.
[6] Gurnett et al. [2009a] discovered that the Saturnian radio emission shows another surprising feature. Radio signals from the southern hemisphere have a period have a period slightly longer than that of signals from the north. This dual periodicity is also reported in auroral hiss [Gurnett et al., 2009b] . Two questions immediately arise concerning the magnetic data in light of this new discovery. Are the two components distinguishable in the magnetic data and can a hemispheric dependence be detected in the magnetic signals?
2. Nature of the Relation Between Magnetic and Radio Signals [7] It is important to note what we know so far concerning the linkage between the radio and magnetic signals. The radio signals pulse; the magnetic signals rotate. The precise linkage is almost certainly in magnetic shear generated 1 European Space Agency, Paris, France.
above the auroral regions associated with field-aligned currents. Southwood and Kivelson [2009] offer the explanation for the link that an asymmetric feature in the magnetic field rotating about the planetary axis causes a peak (or pulse) in the radio power as it passes through a fixed sector of local time by modulating the local shear in the field. Upward field aligned currents are likely to result in beams of electrons down the field into the ionosphere and the radio emission is a by-product.
[8] Southwood and Kivelson [2009] propose the largest currents are generated on the boundary of the dipolar region of the magnetosphere (on L shells with invariant latitude ∼70°). They propose that the SKR peak emission occurs as the peak of the oscillating B ' azimuthal component in the inner magnetosphere passes through the midmorning sector (1000-1100 LT). At this particular point in the magnetic rotation, the regular inner magnetosphere cam signal is tilting the field forward. At invariant latitudes higher than the shells which carry the cam current, the field is distended tailward by the magnetospheric interaction with the solar wind. This means the field in the north is tilted forward (i.e., eastward, in the direction of rotation) and the field in the south is tilted backward. Because during the Cassini epoch up to the present the southern hemisphere ionosphere has a higher conductance the tilting is expected to be greatest in the south. Accordingly in the southern hemisphere, at the phase of peak SKR emission, the magnetic shear across the critical L shells would be greatest. The consequence is that the field aligned currents would be greatest then.
Considerations of Phase and Detectability
[9] While the seat of the radio pulses is likely to be in the auroral zone, the periodic magnetic signals are seen through most of the magnetosphere. Thus the Cassini spacecraft magnetometer almost continuously records signals.
[10] The two periods detected in the radio modulation differ by ∼10 min, that is by about 1.7-2% of the background periods [Gurnett et al., 2009a] . The natural irregularity of the signal [see, e.g., Provan et al. 2009 ] introduces a first difficulty into measuring such a difference directly. Moreover, as noted by Espinosa et al. [2003a Espinosa et al. [ , 2003b and confirmed categorically by the work of Andrews et al. [2008] , there are spatial phase differences in the signal, some of which vary according to component. First, the rotation of the magnetic signal introduces a Doppler shift in the field measured on the spacecraft due to the spacecraft's azimuthal motion about Saturn that is the same in all components. In addition, the rotating signals also exhibit not only a regular phase variation with radial distance from the planet (as Espinosa and Dougherty [2000] first reported and as has been studied in detail by Andrews et al. [2008] ) but also there are important variations in phase in the azimuthal component, B ' , across the source magnetic shells. The B ' component typically changes sign across these shells at invariant latitude, L = ∼70°due to the field aligned currents identified as the source by Southwood and Kivelson [2007] . Indeed it is this feature that is the basis of Southwood and Kivelson's [2009] explanation of the link with the radio signals.
[11] Given the inherent jitter in the signals along with the above considerations on the known variation of phase with position in the magnetosphere, detecting the difference in period in the magnetic signal looked as if it should require a long tranch of data. The differences in period in one cycle are within the natural jitter of the signal and integrating over many cycles introduces strong ambiguities associated with the large spatial distances covered in the time in question. Despite these considerations, a very direct method of resolving the mean northern and southern magnetic period for particular orbits emerged as a vagary of the Cassini orbit evolution allowing instances of direct measurement of different magnetic periods in opposite hemispheres in one spacecraft orbit. As the measurement is direct it is completely independent of knowledge of the radio period.
The Beat Period and the Cassini Orbits of 2008-2009
[12] The 1.7-2% difference in period means that the beat cycle between periods is about 50-60 cycles. Accordingly, taking a base period of 10.8 h one sees that the beat period is thus about 22.5 to 27 days. During late 2008 through mid-2009, the orbital period of Cassini was not far removed from the half beat cycle period. Furthermore, the orbit geometry with respect to the planet and thus with respect to the background axially symmetric planetary field remains steady for several orbits at a time. Accordingly, by serendipity, we can make comparison of signals separated by many cycles, but in which the ambiguities of comparing signals at different points in space can be removed because of the repetitive nature of the orbit. This simple interferometric technique is the basis of the results presented here. Figure 1 (left) the orbit is projected onto a polar plot with local time (LT) and invariant latitude shown based on the planetary dipole field as coordinates. In Figure 1 (right) the orbits are plotted projected into a notional dipole meridian plane. The quasi-polar orbits are aligned so that apoapsis is near the equator and at about 2200 LT while periapsis is in the late morning sector near 1000 LT. The spacecraft spends most of each orbit on magnetic flux tubes above 75°i nvariant latitude.
[14] There are sixteen orbits in the time displayed. The orbital plots indicate that the orbits group into three classes and that there are multiple orbits with effectively the same orientation with respect to the planet and the planetary dipole field.
[15] We next choose two adjacent orbits with close to identical configuration with respect to the planet (and planetary field). In Figure 2 , we show 1 h running-averaged data for the three components of the magnetic field in polar coordinates (B r , B , B ' ) from two complete orbits of the Cassini spacecraft between 13 February 2009, 1800 LT and 9 March 2009, 1600 LT. The orbits are two of the red orbits in Figure 1 .
[16] The 10.8 h periodic signals associated with the SKR are evident in all three panels of Figure 2 . For reference, in the red traces in the first and second panels of Figure 2 we show also the predicted model planetary dipole model field to indicate the expected background field and some comments are appropriate concerning the systematic features of the model field. The B r component magnitude is consistently underestimated by the model because of the presence of a (more or less) symmetric ring current around the planet which is not allowed for. Evidently the ring current varies little between passes and its effect on the orbits shown is much like a small increase in the dipole moment. The background B follows closer to the dipole field prediction but the departures are slightly different on the two orbits. The planetary dipole model has the dipole on the planet rotation axis and so is symmetric about the planet and has no azimuthal component. Accordingly, no model field is shown in the third panel of Figure 2 . However, note that there is a regular background variation which is roughly repeatable between the two orbits of larger amplitude than the 10.8 h signal. This is associated with the stress transfer between ionosphere, magnetosphere and solar wind and more detailed analysis will form the topic of a future report.
[17] In Figure 3 , we plot the data from the two orbits shown in Figure 2 in a different way. They are overlaid by plotting the data from the second orbit shifted back by 287 h, a time very close to the orbital period. Thus at each point on the time axis the spacecraft is in the same position. The later pass is the blue trace and the earlier the black. As before the red traces indicate a model field. It is clear that there is indeed an overall repeatability in the field seen between the passes.
Direct Comparison of the 10.8 h Oscillation Between Orbits
[18] We now turn to investigate the periodic signals at around 10.8 h evident in the plots. In Figure 4 we show in the first three panels with the black trace 1 min resolution data of the three magnetic field components (B r , B , B ' ) from the Cassini magnetometer from days 54-59 2009 (22 February 1300 UT to 28 February 0600 UT). Now the data have been high-pass filtered to remove the background (orbital scale) variation evident in Figure 2 . Superposed in each panel there is a trace (in red) which represents the same field components measured on a period of the same length from days 66-71 2009 (6 March 1200 UT to 12 March 0500) shifted backward by 287 h on the time axis.
[19] The fourth panel of Figure 4 shows the invariant latitude of the spacecraft. Once again the black trace which is now dashed represents the earlier period (from days 54-59 2009). The black dashed trace precisely overlays the red (continuous) plot which represents the spacecraft invariant latitude for corresponding period from days 66-71 2009 shifted back by 287 h. The plots overlay because the time shift is the orbital period between two geometrically identical orbits. The vertical continuous line marks the transit of the spacecraft through the equator from northern hemisphere to southern. The gray-shaded background marks where the spacecraft is below the invariant latitude of 76°based on dipole model of the planetary field.
[20] While the spacecraft is above 76°, it is apparent that red and black traces of all three components in Figure 4 show signals with similar frequencies. One immediately remarks however that there is a phase shift between the traces on the left and right side. On the right-hand side, the spacecraft is in the southern hemisphere and the shift in each panel is almost half a cycle. On the left, the spacecraft are in the northern hemisphere (positive values of magnetic latitude). The shift is much smaller but the shift is similar in all panels.
[21] The similarity of the phase shift for all components precludes the effect being associated with a hemispheric change in polarization. The conclusion must be that the signals on the left (northern hemisphere) and right (southern hemisphere) are oscillating at different frequencies.
[22] In Figure 4 , the time shift was chosen to match the orbital period of the spacecraft. In Figure 5 the time shift has been changed to 281 h and the range has been extended to cover in the black trace data from days 33 to 59 (2 February, 2000 UT to 28 February, 1300 UT) and covers more than two orbits. The shifted data (i.e., the red trace) are from days 45-71 (14 February, 1300 UT to 12 March, 1100 UT).
[23] Figure 5 shows that the reduction in shift by 6 h is just adequate to match the apparent cycle rate of the signal in the southern hemisphere. In Figure 5 , shading is used to show when the spacecraft is in each hemisphere. In the unshaded region (the southern hemisphere) the traces can be seen in all three panels to be predominantly in phase. In contrast, the signals in each panel in the shaded (northern hemisphere) region are close to antiphase. Similarly one can choose a time shift so that the northern signals are aligned; by trial and error, in this case the shift was found to be 286 h.
Northern and Southern Periods
[24] Although in Figure 5 the time shift of less than the orbital period means the spacecraft position is no longer exactly the same for each of traces shown, the displacement is not great. Indeed, the alignment of all three components argues strongly that one is detecting the phase of the base signal. The time shifts required in order to achieve phase alignment in the north and south can then be used to estimate the mean period in each hemisphere at the epoch in question. Given that one is seeking periods in the range 10.6-10.8 h and that the radio data indicate that the northern hemisphere frequency has the higher frequency, one concludes that the northern signal has undergone 27 cycles in 286 h while the southern has gone 26 cycles in the 281 h. The solution for the periods, T, at the epoch shown is thus A further way to present the data is shown in Figure 6 . Figure 6 (top) and Figure 6 (bottom) show just the smoothed B data but plotted against different abscissa in the two plots. In Figure 6 (top), the abscissa is the predicted local phase (i.e., corrected for spacecraft angular motion about Saturn) for a signal with the northern period, 635.6 min. In Figure 6 (bottom), the abscissa is the predicted phase at the spacecraft of a signal with the southern period, 648.5 min. The period shown covers the month of January 2009. The theta component of field has been chosen because it shows the least spatial variation. During the period plotted the high frequency northern period has executed just over 120 cycles while the lower southern frequency has made 118. Although the signals appear to keep time with either signal on a short time, the difference in the number of cycles over a month means they cannot be phase locked over the month. The variation in background shading is used to mark when the spacecraft is in the northern and southern hemisphere. Regions with white background mark where the vertical lines in the panel in question indicate the respective period for that panel's hemisphere. Whereas the signals in both panels keep good time with the phase markers in the unshaded ranges, they do not in the shaded ranges demonstrating again that the periods are different in north and south.
Discussion
[25] Using the rather special nature of the orbits (polar and repetitive) of Cassini in late 2008/early 2009, we have shown very directly that the periodic oscillations in the Saturnian magnetic field have different periods in the two polar caps. The capacity to show the result so directly depends on the serendipitous fact that the beat period between the two signals is of order twice the spacecraft orbital period.
[26] At midlatitude and low invariant latitudes the axisymmetry of the Saturn field is marked, with the nonaxisymmetric elements of the internal field contributing less than 1°to the angle between the equivalent planetary dipole and the rotation axis. Here, in the inner magnetosphere, the periodic magnetic signal consists of a rotating transverse field more or less uniform on L shells in the range 4 to ∼10-12. The rotation is such that in the equatorial plane the radial component leads the azimuthal component by a quarter cycle, a form indicating an origin external to the planet [Espinosa et al., 2003b; Southwood and Kivelson, 2007] . There is also a compressional component [Andrews et al., 2008] in phase with the radial. As one moves across ∼70°invariant latitude, the azimuthal field reverses and in the polar cap the signal appears in each polar cap like that of a rotating dipole [Southwood and Kivelson, 2007] . However, it appears that the (apparently) tilted dipoles in each polar cap rotate at slightly different rates. Once every 60 cycles or so, the apparent dipole in each cap will align and once every 60 cycles or so they tilt in opposite directions.
Questions Concerning Origin
[27] That the magnetic signals in the two polar caps of Saturn apparently rotate independently has a very important implication. Explaining the ultimate source of the global rotational periodicity (SKR, cam field, plasma injection/ circulation) probably requires explaining first the anomalous behavior of the magnetic field in the polar cap.
[28] It seems clear that the fields in question are being created by differential rotation in some part of the system. The challenge is to identify where. Were it inside the planet then it would be an important clue concerning the dynamo. It has long been a puzzle that the internal magnetic field of Saturn as detected by spacecraft flying by and even by Cassini, in orbit, was axially symmetric. Indeed, had the first spacecraft flybys with Saturn made polar passes rather than equatorial there would have been no puzzlement over the apparent axisymmetry of the internal field (until the discovery of the differential rotation).
[29] The reason for the puzzlement about axisymmetry is Cowling's theorem [Cowling, 1933] . A pure dipole is generated by a pure ring current and, unless the medium is superconducting, such a current runs down. There must be somewhere in the system a mechanical force providing energy to maintain the motion generating the field and this will yield departures from axial symmetry. Schemes have been given explaining the axisymmetry of the field at the distance of spacecraft flybys and orbits [Stevenson, 1980; Rädler, 1992] . A conducting layer just beneath the planetary surface could suppress the higher-order signals but it would require it being in differential rotation with respect to the dynamo region.
[30] However the differential rotation (1.7-2%) implicit in the rotation difference between northern and southern polar regions perhaps seems rather large to be generated very deep in the planet in which case the dynamo itself is sited not far below the surface, it becomes hard to also invoke a differentially rotating region above it and still inside the planet.
[31] In contrast, it has been suggested that the shielding of nonaxisymmetric internal field components could also be achieved by material in the magnetosphere itself [Southwood, 2007] . The presence of a massive conductor in the inner magnetosphere could have much the same effect as a differentially rotating conductor just below the planet's surface because the velocity of a magnetic flux tube containing different plasma populations is a mean weighted by the mass. An ionized atmosphere tied to the rings could, for example, resist the rocking motion in the meridian that the nonsymmetric field components would cause. Recent results suggest a strong coupling between the dust associated with the E ring and the plasma [Morooka et al., 2009] . In either model to explain the absence of a low and midinvariant latitude nonaxisymmetric field, one would expect some evidence of the nonaxisymmetry to emerge over the poles as indeed it has.
The Magnetospheric Implications
[32] We discuss next the implications of the rotation external to the planet before returning to a discussion of sources in the conducting atmosphere.
[33] The polar cap proper is where field lines are open and extend from the planet out into interplanetary space. On such flux tubes there is no direct magnetic connection of the flux tubes between hemispheres outside the planet. Pulsing magnetic signals with the frequency corresponding to their respective hemisphere of origin would be expected to propagate upward along the polar cap field lines and ultimately into interplanetary space. The signal over each cap would take the form of a radiating hydromagnetic wave. Neither polar cap signal would interfere with the other in the magnetosphere.
[34] However the signals would not be restricted to the polar region alone. Not only are they seen throughout the magnetosphere but it is not surprising that they are. The signals contain a compressional magnetic component, both in the polar cap and at lower latitudes [Andrews et al., 2008] . The Poynting flux across the field is proportional to the compressional component. Thus the existence of a compressional component shows that the signal would be carried from high invariant latitude flux tubes to lower invariant latitudes. As the lower invariant latitude flux tubes are closed and link directly from ionosphere to ionosphere in each hemisphere, one imagines that both frequency components would be present in the lower-latitude signals. The data set considered here and an analysis assessing the presence of dual frequency signals in the low-latitude regions is reserved for a subsequent paper.
Apparent Magnetospheric Source
[35] The rotating field aligned currents, which were postulated by [Southwood and Kivelson, 2007] to be the source of the transverse cam signal in the inner magnetosphere and which (by reversing the phase of B ' ) create the switch in polarization that changes the signal to look like a rotating dipole in the polar caps, appear to be located on closed field lines. Recently, Gurnett et al. [2009b] have shown that VLF auroral hiss, normally associated with downward field aligned current regions has a similar periodic modulation to the radio and originates from a region of a sharp density electron gradient across the magnetic field. The inner edge of the gradient is in the same range of invariant latitude (∼70°) as that of the cam current. Indeed Gurnett et al.
[2010] show field displacements in B ' at just this location which would represent field-aligned currents there. The discovery suggests that the shells in question mark the outer boundary of flux tubes that are permanently closed (the equivalent of the terrestrial plasmapause). An example of the field displacements encountered in the vicinity of the boundary is shown in Figure 7 .
The Rotating Perturbation as a Pumped Wave
[36] Gurnett et al. 's [2010] proposal that the density gradient they find marks a boundary between permanently closed and occasionally open flux tubes could also give a clue, if not to the origin of the magnetic signal but to its global magnetospheric structure.
[37] Beyond the cam and thus in the region where it is proposed the flux tubes regularly become open, the field departs beyond the cam boundary from dipole form. The field departs from the dipole for two reasons. First, it is distended azimuthally by the solar wind. Second, the centrifugal forces associated with planetary rotation distend it radially.
[38] The orbits of 2008-9 allowed a view of the invariant latitude region at high magnetic latitudes. An example is shown in Figure 8 . The striking features are the large shears in magnetic field located in the vicinity of L ∼ 70°. The shears in B ' represent sheets of field aligned current. The data in Figure 8 shown come from the polar orbits immediately prior to the period of data considered in this paper. The earlier orbits went to lower invariant latitude. The data shown come from November 2008 (days 313/314). During the first encounter with the steep changes in B ' the spacecraft is moving from north to south in the midevening sector (invariant latitude and local time are noted below the plot). The second encounters are following periapsis and when the spacecraft moving poleward across the southern auroral zone. The FAC are evidenced by the steep gradients in B ' encountered as the spacecraft moves across the magnetic shells with invariant latitude near 69-72°.
[39] Such a shear in the field or the sharp change in density reported in the same region by Gurnett et al. [2010] can make a surface in the plasma which can be the seat of a surface wave, sometimes called an Alfvén surface wave [see, e.g., Uberoi, 1982] . The magnetic boundary appears very sharp. A consequence of the magnetic shear along with the detection of a change in plasma density [Gurnett et al., 2010] is that the boundary can be the seat of a magnetic surface wave. Although such waves in many respects resemble Alfvén waves (or field line resonances, see, e.g., Southwood [1974] ) the resemblance is not perfect [see, e.g., Lee and Roberts, 1986; Southwood and Allan, 1987] . In particular, where the surface corresponds to a sharp interface in field or density, such a wave must have a compressional component to communicate across the interface; the normal magnetic field component must be continuous across shells while the azimuthal component is reversed. All these properties apply for the Saturnian magnetic signals [Andrews et al., 2008] . Nonetheless, such an explanation can only describe the form of the signal but not the origin of the frequency as the natural resonance period of such a global surface wave would be comparable with that of a standing Alfvén wave on the shells corresponding to the surface. This would be perhaps ∼15 min, certainly less than an hour. Accordingly, the wave would have to be pumped by an independent source which would set the 10.6-10.8 h periods as those periods are well longer than the largest conceivable period for free oscillation.
[40] It is interesting to note also that, on completely independent grounds, using data from low-inclination equatorial orbits Southwood and Kivelson [2007] proposed that the source of the SKR-linked periodic magnetic signals in the dipolar region of the magnetosphere lay on these same magnetic shells near 70°invariant latitude.
Relation to Plasma Circulation
[41] Gurnett et al. [2007] have earlier suggested on the basis of asymmetries in electron density that there is a rotating circulation system in Saturn's magnetosphere which serves to carry ionized material injected in the inner magnetosphere by Enceladus out into interplanetary space. The sketch of the circulation given by Gurnett et al. [2007, Figure 2b ] shows a familiar two cell circulation pattern. The implication would be that there was an outward moving (black, south; red, north) . In the morning sector before the equatorial passage, the sense of the B ' component is positive corresponding (as the spacecraft is in the southern hemisphere) to the field being bent back. In contrast, by midafternoon the field (with the spacecraft in the north) shows also B ' positive, but here it represents a bending forward as the spacecraft is in the northern hemisphere. The dotted trace in the morning sector is the inverse of the continuous trace.
hemisphere and a hemisphere of inward moving material. Almost certainly, Gurnett et al.'s picture can hold in the inner dipolar region of the magnetosphere. The circulation there proceeds by interchange motion [see, e.g., Southwood and Kivelson, 1989] and there seems no reason in principle that interchange could not take place in a rotating frame.
[42] Any circulation system requires stress transfer between the magnetosphere and the northern and southern ionospheres. Momentum is transferred via the magnetic field. The field bends in order to transmit stress from the equatorial regions to each ionosphere. If the primary source of energy for the motion originates in the magnetosphere the field perturbation changes sign somewhere near the equator and is bent in opposite directions in each hemisphere. In contrast, the apparent north-south symmetry of the magnetic "cam" signal [Southwood and Kivelson, 2007] suggests it is not a direct manifestation of the circulation. The question is discussed by Andrews et al. [2008] and it is pointed out that if there is a rotating circulation system underlying the rotating magnetic signal, an asymmetric element of the flow associated with a current system like that of Southwood and Kivelson [2007] , can be envisaged as a parasitic effect resulting from a north-south asymmetry in the system drag. The obvious mechanism would be an imbalance in the global conductivities in the northern and southern hemispheres.
[43] A circulation system must not only have a source (in this case deep in the magnetosphere but also a region of loss from the system and, from simple pressure considerations, it is likely that major loss of plasma is on the nightside which would lead to modulation of the rotating pattern of flow by a diurnal pattern. Wherever and however the loss takes place there should be evidence present on the high invariant latitude flux tubes covered by the orbits considered here.
[44] In Figure 8 , we show that the high latitude, high invariant latitude magnetic field does show indeed a strong pattern of diurnal distension consistent with the local time dependent loss and flux return with the 10.8 h fluctuations superposed. The data are taken from exactly the same orbits as considered elsewhere in the paper, the high apoapsis orbits in late 2008 until mid-2009 and thus come from invariant latitude just beyond or at the poleward edge of the large perturbations shown in Figure 7 . Figure 8 shows data from the first 11 orbits in 2009 (January to April) overlaid. The traces have been color coded to indicate the hemisphere in which they were taken (black indicates south, and red indicates north). The repetitive nature of the B ' traces is evident. Four isolated large negative deviations are tentatively identified as magnetopause crossings in the northern polar cap (at 1400 LT and 1600 LT) and the polar cusp in the southern hemisphere (at 0900 UT). Otherwise there is a diurnal pattern in which, if we assume antisymmetry northsouth, is consistent with the pattern being due to stress transferred from the solar wind. The diurnal pattern is made clearer in the panel where B ' measured in the southern hemisphere is inverted. The change in sign near 1200 LT marks the change from bent back field (corresponding to planetary ionosphere leading, and therefore dragging, the magnetosphere) to bent forward (corresponding to the magnetospheric field moving faster than the planetary ionospheres). The reversal to bend back appears to be encountered around 2100 LT. Beyond this point the field appears to be consistent with a bent backward configuration. Folded into the pattern, of course, is the effect of the motion in invariant latitude. The strong disturbances around 2200-2300 LT are exactly where the early 2009 orbits skim the regular field aligned current structures at around 70°i nvariant latitude such as are shown in Figure 7 .
[45] The amplitudes of the perturbations which appear fixed in local time on the polar orbits considered here much exceeds the periodic rotating signals on the same orbits. It follows that if there is a rotating circulation system in the outer magnetosphere it functions as a fluctuation on top of the diurnal variation. Thus if the hydromagnetic structure is a wave the pump could be provided by a rotating circulation system.
[46] The azimuthal field component on the high latitude field lines in the morning sector (in the southern hemisphere) can be seen to be bent back indicating that there is a large magnetospheric drag exerted on both planetary ionospheres. In contrast, by midafternoon the field (with the spacecraft in the north) shows a bending forward indicating that in this sector the magnetosphere is moving faster than both the ionospheres. The high latitude magnetic data are thus consistent with the idea that there is preferential loss in the evening sector (until about 2100 LT) and return of flux in over the rest of the tail into the morning sector. A full analysis awaits another paper. Suffice for now to note, the important point that the magnetic periodic signals are superposed on the diurnal signal. This would seem most likely to imply that the rotating circulation is itself not the direct cause of the periodic signals. As with other phenomena, it seems more likely that the periodicity in the signatures of the circulation is imposed by the magnetic field rather than the reverse.
14. An Atmospheric Source?
[47] None of the previous discussion elucidates where the differential rotation which must be at the seat of the difference in frequency lies. Moreover, as both of the frequencies vary slowly with time on the scale of ∼1% per year, any source appears to have in some sense limited inertia.
[48] Could the signals originate from outside the dynamo region of the planet itself, in the upper atmosphere or ionosphere for example? It should however be recognized that the upper atmosphere of Saturn is electrically conducting and thus can also act as a source of magnetic signals. In the neutral atmosphere each polar cap has axially symmetric vortices which differ between hemispheres. However, axial asymmetry of the magnetic signals would require a dual vortex structure (corresponding to azimuthal wave number m = 1), so that the symmetry of anything based on momentum transfer from this source seems unlikely. Nonetheless, much of the atmospheric behavior above the clouds is not seen and one could envisage such long-lived high altitude neutral atmospheric motions acting as a source of the differential rotation as Gurnett et al. [2009a] have proposed.
Conclusion
[49] This paper has presented direct evidence of the independent magnetic rotation periods of northern and southern polar regions in the Saturnian magnetosphere. The polar orbits of the Cassini spacecraft in late 2008 and early 2009 have been used to demonstrate the fact. Serendipitously the orbital period at that time is of order half the beat period between of the two periods. This fact allowed easy identification of the period difference. At the time in question the northern period is 636.5 min and the southern 648.6 min.
[50] The global signal in each hemisphere changes character (from a signal like an oscillating dipole at high latitude to a quasi-uniform rotating signal at low latitude) across a boundary at around 70°invariant latitude. Based on the global pattern of the signals reported by Andrews et al. [2010] it is suggested that the signals have the form of a hydromagnetic surface wave, the surface in question being made up of magnetic shells around 70°.
